Hippocrates (460-377 BC) first described stroke over 2400 years ago. Stroke is the 4 th leading cause of death in Canada (3 rd in the USA) and the primary cause of permanent motor and cognitive disability. The majority of strokes are ischemic. The extent of cerebral dysfunction and thus the severity of stroke are based on the location, severity and duration of ischemia. Stroke management and prognosis encompass early recognition of the onset of stroke and post-stroke determination of the extent of brain injury aided by clinical stroke scores and diffusion-weighted imaging. Cognitive domains most likely to be affected following stroke are memory, orientation, language, attention and executive function. While the vast majority of functional recovery occurs within the first 3 months post-stroke, the neural mechanisms promoting recovery are not well understood. Investigations into the neural plasticity of brain areas after a lesion demonstrate that the adult brain can be shaped by environmental inputs, such as rehabilitation techniques. Many rehabilitation techniques are actively being pursued, including brain-computer interfaces providing sophisticated methods for detecting rehabilitation-associated changes in cerebral physiology. The success of such strategies visualized with functional magnetic resonance imaging and positron emission tomography may provide an objective complement to clinical evaluations.
Introduction
Stroke occurs following obstruction of blood flow and resultant neurological death to specific affected brain regions [1] [2] [3] [4] . Stroke, or brain attack, is the 4 th leading cause of death in Canada (3 rd in the USA) and the primary cause of permanent motor disability. Each year in the United States approximately 700,000 people over the age of 18 experience a new or recurrent episode; on average, 1 person has a stroke every 45 seconds [5] . In Canada, the annual incidence of stroke is estimated to be 50,000 with one stroke occurring every 10 minutes. In children under the age of 19 years, for every 10,000 Canadian children, there are 6.7 strokes [1, 6] . In Europe deaths occurring from stroke average about 650,000 per year [7] . Of every 100 persons that suffer a stroke, 15 will die, some fairly quickly and others later, 10 will return back to neurological baseline, 25 will recover with minimal disability, 40 will recover with moderate to severe disability and 10 will become dependent and require long-term care. Depending on stroke etiology and age, a stroke survivor has a 20% chance of experiencing another stroke within 2 years. The average acute care stroke cost is approximately $30K per patient, leading to an annual cost of about $2.7 billion per year in Canada [8] and $64 billion annually in the United States [5, 9] .
Types of Stroke
There are two broad categories of stroke: haemorrhagic and ischemic. The rupture of blood vessels and subsequent bleeding in or around the brain are classified as intracerebral and subarachnoid haemorrhagic strokes, respectively. Approximately 87% of strokes are ischemic, caused by inadequate brain circulation due to cerebral artery occlusion [2] . An ischaemic stroke may be caused by a large artery atherosclerosis (i.e. carotid stenosis), a cardioembolism or a small-artery occlusion. Up to 14% of all ischemic strokes occur in young adults (<50 years of age) [10] . Cardiovascular risk factors, including hypertension, hypercholesterolemia, diabetes and smoking, pre-dispose patients to their life-time risk of developing an ischemic stroke [11, 12] . There are 2 subcategories of ischemic stroke: thrombotic and embolic. Thrombotic stroke involves the narrowing and blockage of blood vessels secondary to arteriosclerosis while embolic stroke involves the blockage of a blood vessel secondary to a blood clot formed elsewhere in the body (usually the heart) that lodges in blood vessels in the brain [1, 2] . The Trial of Org 10172 in Acute Stroke Treatment (TOAST) classifies ischemic stroke according to etiology into 5 categories: large-artery atherosclerosis, cardioembolic, small-vessel occlusion (e.g. lacunar infarct), stroke of other determined or undetermined etiology [13] .
One of the most common stroke distributions follows from occlusion of the middle cerebral artery (MCA), the largest branch of the internal carotid. The MCA artery and its derivatives supply the majority of the outer surfaces of the brain, as well as a large component of the deeper grey and white matter structures, including the basal ganglia and internal capsule. Clinical symptoms concomitant with MCA occlusion depend on the size and location of the occlusion; these may include hemiparesis, hemiplegia, aphasia, dysarthria, dysphagia, visual field defects and visual-spatial neglect [14] .
The anterior cerebral artery (ACA) branches upward and forward from the internal carotid artery and its distribution supplies most of the medial surface of the cerebral cortex, the frontal lobes, portions of the basal ganglia and anterior portions of the corpus callosum. Clinical symptoms concordant with ACA occlusion include cognitive dysfunction, changes in personality, and weakness, especially of the legs [15] .
In most people, the posterior cerebral artery (PCA) stems from the basilar artery but origination from the ipsilateral internal carotid artery (fetal circulation) [16] occurs. The PCA supplies the midline temporal and occipital lobes bilaterally. Patients present with interesting and diverse spectrum of visual and sensory deficits and seldom motor deficits with 30% -70% of young stroke victims returning to work within 90 days [17] .
Magnetic resonance imaging (MRI) is being increasingly used for anatomical imaging for acute stroke care while functional MRI (fMRI) and similar platforms are being used to visualize brain activation patterns in recovering stroke patients.
Cognitive Deficits Following Stroke
New cognitive deficits appear in approximately 30% of stroke patients [18] . Cognitive domains affected following stroke include memory, orientation, language, attention and executive function relative to age matched healthy controls [19, 20] . Among young (<50 years) or old (>50 years) adults processing speed, working memory, and attention were most commonly affected up to 11 years post-stroke [10, 21] . Large vessel disease with strategic single and multiple infarcts and small vessel disease with progressive white matter lesions underlie the heterogeneity of vascular cognitive impairment presentation [22] . Cognitive impairment is most often coupled to infarcts localized in the left anterior and PCA territories post-stroke [20] . Stroke may impair cognition by injury to large regions of cerebral cortex, subcortical white matter connection fibers, or specific regions of the thalamus that are implicated in memory and attention [23] .
Clinical symptoms associated with PCA occlusion depends on the location of the occlusion and resultant infarction, and may include thalamic syndromes, Weber's syndrome (characterized by the presence of an oculomotor nerve palsy and contralateral hemiparesis or hemiplegia), contralateral hemiplegia, hemianopsia and a variety of other symptoms, including color blindness, failure to see to-and-fro movements, verbal dyslexia, and hallucinations. The most common finding is occipital lobe infarction leading to an opposite visual field defect [24] . In particular, patients with left PCA lesions have defective mental visual imagery and such deficits stem from a loss of knowledge about the visual appearance (shape and color) of objects [25] . Patients that display cortical and deep infarcts (thalamic and/or mesencephalic involvement) also develop sensory (ventrolateral thalamic ischemia), and neuropsychological deficits including memory deficits, aphasia, neglect and anosognosia. Moreover, there was an increased risk of stroke recurrence and poor outcome in those patients with concurrent basilar artery disease (which gives rise to the PCA in most people) [16, [26] [27] [28] . Some cortical lesions may be more devastating in older persons, and other lesions may surprisingly have little effect on cognitive and behavioral function [29] . After adjusting for age and physical impairment, cognitive impairment significantly decreased activities of daily living (ADL) and independent living [20] .
Cerebral small vessel disease is a common cause of cognitive decline and vascular dementia characterized by executive/attentional dysfunction, but relatively intact episodic memory [30, 31] . Lacunar strokes appear to be highly correlated with cognitive dysfunction in patients. Mild cognitive impairment superimposed on hippocampal atrophy translates to a severe, episodic memory disorder, while patients with mild cognitive impairment secondary to multiple subcortical infarcts display executive dysfunction [32] . In patients followed for 3 years post stroke, recurrent lacunar strokes and increased white matter hyperintensities on MRI were noted in 24% of patients which correlated with subsequent reduced functional outcomes as measured by Katz's Index of ADL [33] .
Diffuse periventricular hyperintensity as visualized on MRI following initial cerebral thrombosis is associated with the development of dementia and secondary complications of stroke including recurrence of stroke, pneumonia and motor disorders [34] . Combined occurrence of white matter lesions and lacunar infarctions decreased processing speed and memory to a greater extent relative to elderly individuals than each of the two single vascular brain lesion types alone [35] . Independent of cardiovascular risk factors, white matter lesions, and brain atrophy, non-demented persons having multiple infarcts perform poorer on tasks of memory, processing speed, and executive function, relative to study participants with no infarcts [36] .
Diffusion-tensor MR imaging, a technique to quantify the white matter connectivity between brain regions that is damaged in subcortical infarctions, is best correlated with executive function and is sensitive to changes in brain structure that occur over time. MRI parameters can differentially correlate with cognitive domains in patients with symptomatic sporadic small vessel disease. For example executive dysfunction 1 year post-MRI was best predicted by diffusion tensor imaging (DTI) (fractional anisotropy), while DTI together with measures of brain volume, age, gender, and premorbid IQ, accounted for a large percentage (74%) of the executive function score variance in cerebral small vessel disease [30] . Findings from MRI investigations may be employed in the determination of long-term prognosis of functional status following stroke.
Implications for Rehabilitation Post-Stroke
While the vast majority of functional recovery occurs within the first 3 months post-stroke, the neural mechanisms promoting recovery are not well understood. Diffusion (DWI) and perfusion-weighted (PWI) MRI are relatively new MR techniques increasingly used in acute stroke. DWI has a high sensitivity to shifts of water between extracellular and intracellular spaces depicting random movements of water protons which in ischemic brain tissue are restricted due to stroke-induced cytotoxic edema. Perfusion studies are based on the bulk flow of the blood (not on the oxygenation of the hemoglobin like Blood Oxygenation Level Dependent (BOLD)). In the first few hours post-stroke PWI provides metabolic and hemodynamic data of the brain, based on the movement of perfused contrast material. The difference between the diffusion and perfusion abnormalities provides a measure of the ischemic penumbra or the brain tissue at risk for infarction [37] . DWI and PWI have been employed both for the detection and characterization of ischemic insult before and following reperfusion techniques to break down an occlusive thrombus (i.e. administration of recombinant tissue plasminogen activator (rt-PA)) [38] . DWI and PWI will not illuminate the process of brain plasticity, but DTI or functional MRI may and as such may be used to tailor individual rehabilitation programs to impact clinical recovery. Theories and mechanisms of brain plasticity are vast. Proposed mechanisms of neuronal reorganization including recruitment of anatomically distinct but functionally homologous pathways, synaptogenesis, dendritic sprouting, and activation of previously existing but silent neural pathways would fall under the umbrella of brain plasticity [39] . A greater understanding of the underlying mechanisms of brain plasticity during recovery after stroke could potentially facilitate rehabilitation programs geared towards improving post-stroke motor, emotional and/or cognitive function.
Use of fMRI to Correlate Brain Activity with Rehabilitation Techniques, Plasticity and Outcome
Over several months following stroke, ischemic infarction results in brain tissue atrophy and neuronal cell death [40] . Yet throughout adulthood the brain is capable of plastic reorganization following infarction [41] which may occur spontaneously after stroke [42] . Stroke recovery involves the resolution of diaschisis and neural reorganization in undamaged brain tissue both ipsi-and contralesional [43] . Often newly relearned behaviors are represented diffusely over more cortical regions due to adaptive functional organization of perilesional brain areas as well as those connected to but remote from the infarct [44] [45] [46] . Improvement occurs usually within the first 3 -6 months following stroke and is based on the location and size of infarction, repair of damaged tissue and cerebral reorganization, patient age and reduction of stroke risk factors, including control of hypertension, to evade future episodes [47] . Within one week after stroke onset 50% of the best relative recovery of brain activity occurs in individuals [48] . After a stroke, recovery that continues beyond 3 or 4 weeks has been ascribed to brain reorganization in the cerebral cortex, in which functions formerly executed by ischemic areas are performed by supplementary ipsilateral or homologous areas in contralateral brain regions. This forms part of an adapting distributed and cortical substitution functional neuronal network of uncrossed motor and sensory pathways for damaged pathways [41, 47, 49, 50] . Following cerebral infarction, neural energy utilization and central reorganization can be measured using the fMRI BOLD technique [51, 52] . BOLD is based on the change in oxygenation of the blood secondary to blood flow. Monitoring brain function may permit the evaluation of brain plasticity and serve as a tool to aid the development of novel validated task-specific clinical protocols. These protocols may optimize rehabilitation strategies improving patient rehabilitation outcomes and applied to individual cases of brain injury permit a peek into the brain during human thought processes [38, 51, 52] . At the very least, use of techniques such as fMRI will permit the identification of viable brain areas supporting neuronal plasticity and permit clinicians to synchronize functional training (i.e. motor, cognition and language) with predicted clinical recovery [53] .
Brain Reorganization and Recovery Following Stroke
Clinical recovery and brain reorganization has been most commonly demonstrated with regards to motor and sensorimotor function following focal brain lesions in response to specific tasks or stimuli. Noninvasive techniques such as fMRI can map functionally relevant cerebral reorganization following resolution of edema and survival of the ischaemic penumbra [54] [55] [56] [57] . Such network reorganization and functional recovery would be affected by the location of the infarct and residual functional anatomy surrounding the lesioned area. In addition recruitment of nonaffected regions of the functional network would be instrumental in promoting relevant adaptive changes that would facilitate recovery that has been observed over weeks, months, and now and again years following focal damage [44, 56] . Studies illustrate robust reorganization in the activity patterns of specific brain networks with recovery from hemiplegic strokes although vast variability exists between patients in the pattern and stability of activity.
Sensorimotor and Motor Recovery Following Stroke
It is well documented that regions adjacent to damaged sensorimotor areas can progressively take over lost function previously ascribed to the lesioned area. Moreover, different cerebral mechanisms underlie complete, partial and poor functional recovery [39] . In early postinsult stages, unaffected perilesional tissue in cortical stroke and intact but deafferented cortex in subcortical strokes is recruited. This underlies recovery or partial gain of function. In some cases, activation of areas not normally engaged in such activities is evidence of compensatory recruitment to maintain task performance. For example, compensatory cognitive strategies (such as generating mental images) engage the dorsolateral prefrontal cortex or the superior parietal cortex in motor paralysis to promote motor function recovery [55, 57] . Within the first 4 weeks post-stroke, integrity of descending connections from the ipsilesional cortico-spinal tract system is critical for motor recovery as revealed by single-pulse transcranial magnetic stimulation (TMS) [40] . Mechanisms underlying the dynamic reorganization of cerebral networks during recovery from ischaemic brain infarction can be visualized using fMRI and TMS, which can detect reorganization of sensorimotor pathways after stroke appearance [39] . With motor recovery over time, greater recruitment of the affected primary motor cortex (M1) and decreased activation of the unaffected M1 and supplementary motor area has been observed with fMRI [58] . Post-stroke improvements in arm and hand motor function involve reorganization in primary and secondary sensorimotor areas in both affected and non-affected hemispheres as revealed by changes in synaptic activity [59] . In hemiparetic stroke, recovery of finger movements was associated with activation of premotor cortical areas both ipsilateral and contralateral to the affected hand and enhanced perilesional infarct hypoperfusion and activation [40] .
Immediately following stroke the dynamic and sustained process of brain recovery commences. In human ischemic brain disease the mechanisms underlying recovery can be studied using non-invasive techniques including functional neuroimaging and TMS. In the acute stage of stroke (within 24 hours of stroke) MRI identifies tissue that has potential for rescue through reperfusion techniques. In the subacute and chronic stages of stroke repetitive training, constraint induced training and imagery can facilitate motor recovery promoting a re-emerging activation in the affected hemisphere and functional deficit compensation assisted by local perilesional and large-scale bihemispheric circuits [49, 60, 61] . Correlations of motor function reappearance with specific brain regional networks outlined on fMRI must consider that the motor system is part of a larger system that is affected by expectation, observation, imagination and carrying out of movements [62] . Brain-computer interface with electroencephalography (EEG) is also being used to provide direct feedback on activation of alternate cortical areas to facilitate accessory connectivity.
Rehabilitation of hemiparesis caused by stroke would include activity-dependent adaptive neuronal plasticity induced by constraint-induced movement therapy (forces the use of the affected side by restraining the unaffected side) with the structural and functional changes in the brain detected with TMS, positron emission tomography (PET) and fMRI [63] . Motor hand function improved following motor rehabilitation techniques visualized as increased BOLD signal in the affected primary sensorimotor cortex following therapy. Where increased synaptic efficiency was not possible due to lesions in area M1 and descending pyramidal tracts, reorganization and recruitment of additional sensorimotor cortical areas was observed with restoration of behavioral function [64] . Patients with somatosensory lesions or ventroposterolateral thalamic infarcts demonstrated a decreased intracortical inhibition on the affected side. Patients with superior cerebellar artery territory infarcts demonstrated decreased intracortical facilitation and increased intracortical inhibition as measured by TMS and fMRI. Together, abnormal activation of motor and premotor cortical areas following stroke underlie deficits in voluntary motor control and these effects dissipate following 2 weeks of constraint-induced movement therapy indicative of modulation of neuroplastic mechanisms and traininginduced adaptive reorganization of the motor system [54, 65] . Rehabilitation of motor function, recovery and resulting cortical reorganization brain activation patterns support use-dependent neuroplasticity and increased activation of marginally functional neurons as well as areas ipsilateral to a unilateral brain lesion. This emphasizes the importance of prompt intervention for stroke which tries to save penumbra tissue in the hyperacute stages. However, recovery success is also dependant on lesion volume, patient characteristics, intervention protocols, and outcome measures [66] [67] [68] [69] [70] .
Brain-Computer/Machine-Interface (BMI) Rehabilitation in Motor and Cognitive Systems
Recent rehabilitation approaches to facilitate motor system recovery include transcranial magnetic low frequency stimulation of injured cortex paired with motor tasks and brain-computer/machine-interface (BMI) rehabilitation [71] . Such applications have been used in humans, rats and non-human primates. In clinical studies such paired interventions have the potential to increase upper extremity function 12 weeks post-rehabilitation and approximately 7 months post-stroke [66] . BMI technology is so exciting, because there is such an enormous need to introduce technology that will improve functional independence. Functional MRI permits direct study of training-induced plasticity accompanying functional recovery in stroke patients and conveys plastic changes in brain function [54, 55, 57] . The utility of fMRI in the identification of reduced neural function in areas supporting cognitive dysfunction may identify patients who are at increased risk for developing dementia, and allow for the implementation of early cognitive rehabilitation techniques whose success could be further monitored using fMRI [72] . There are often no distinct lesions identified with conventional MRI or CT scans; for instance, lesions of the medial temporal lobe may be difficult to visualize [19, 72] . In other cases, patients with left hemispheric, subcortical, and large lesions demonstrated deficits in episodic verbal memory as assessed by the Rey Auditory-Verbal Learning Test [73] . Among non-aphasic stroke patients with cognitive deficits, verbal episodic memory deficits were related to predominantly left hemisphere lesions of medial temporal, thalamic, and frontal regions while an immediate recall deficit was observed with thalamic lesions and deficiency of cued-recall-frontal lesions [74] . However, within subregions of the medial temporal lobe there is a functional-anatomic dissociation for memory retrieval versus contextual memory that may only be revealed with fMRI region-of-interest (ROI) analysis of the hippocampus, parahippocampal and/or perirhinal cortex [75] . In elderly individuals with mild cognitive impairment, fMRI scanning revealed that those who showed cognitive decline over the subsequent 2.5 year clinical follow-up; a significantly greater extent of the right parahippocampal area was activated during encoding, despite equivalent memory performance [76] . This pattern of activation is thought to be attributed to compensatory recruitment needed to uphold task execution.
Reproducibility of fMRI activation during encoding tasks for word-pair, pattern, and scene encoding within a given ROI positioned within the medial temporal lobe, inferior frontal and fusiform gyri was good, showing very little inter and intra-subject variability [77] . In a dynamic visual-spatial imagery task reliability of brain activity in occipital, parietal, premotor and prefrontal regions of interest was measured for consistency across trials. Interestingly activation in the dorsolateral prefrontal cortex, an area involved in the processing and solving of cognitive tasks, decreased with increased task trials suggesting competency and learning in this task with repeated serial performance. However, it should be underscored that averaging across trials in fMRI analysis might result in erroneous interpretation dismissing this area as relevant for task processing and functional recovery [78] . The use of fROI can eliminate this error of data analysis in higher-order cognitive systems.
Post intervention fMRI may provide a cortical map in response to rehabilitation techniques focused on cognitive function. For example, silent ischemic lesions appear on MRI in otherwise healthy nondemented elderly individuals and as such represent a primary target for cognitive rehabilitation/training to prevent the onset of vascular dementia [79] . Even among adult patients aged 18 -50 years with first-ever ischemic stroke, silent brain infarcts on MR imaging as defined as focal, multifocal, or confluent hyperintensities on T2-weighted sequence were predictive of recurrent stroke [80, 81] .
Attentional Networks
Recovery of behavioral function following stroke whether the deficits are primarily motor or cognitive, relies on the integrity of the attention network which cannot be assessed without having the patient perform a perceptual, cognitive and/or motor task [82] . Attention training following stroke improved the allocation of attention and working memory demands in complex tasks and lowered patient frustration which translated to self-reported improvements of attention in situations of daily living and these effects persisted for 6 months [83] . It is yet to be determined the patient characteristics such as time postinjury, extent of brain injury, and age as well as initial levels of performance that direct as well as optimize the clinical outcomes of cognitive rehabilitation that result in clinically significant improvements in memory, visual processing, visuospatial attention, verbal reasoning and executive function [83] [84] [85] . The efficiency and independence of attentional networks as visualized by fMRI delineates separate but interlinking neuroanatomical pathways subserving each function: right hemispheric frontal and parietal regions related to alerting, superior parietal lobe controlling orienting functions while the anterior cingulate and lateral prefrontal cortex subserving executive function [86] . It is particularly obvious that the right hemisphere plays an important role in attention as hemineglect is seen primarily arising from damage to the right parietal lobe, specifically the inferior parietal lobule [82] . Ability to maintain attention to spatial locations, but not verbal items, even in simple detection tasks was impaired relative to healthy individuals and stroke control subjects [87] . Following right-hemisphere stroke maladaptive hyperexcitation of neural pathways in the undamaged left hemisphere exacerbates attention deficits [88] . Among patients with visuospatial hemineglect, enhanced alertness and a major improvement in neglect test battery performance was achieved following a 3 week computerized alertness training session as revealed by neuropsychological tests and fMRI. Amelioration of neglect was accompanied by increased activity in the frontal cortex, anterior cingulate cortex, precuneus, cuneus and angular gyrus of the right and left hemispheres, areas that have previously been linked with alertness and spatial attention [84, 89] . With recovery from spatial neglect there is a general increase in activity of the fronto-parietal attentional network on the lesioned hemisphere with subsequent decreased activity in homologous left hemisphere regions indicative of neural reorganization [90] . Strategic cognitive interventions partially restored visuospatial attention, visuoperceptual and perceptuomotor function as well as visual memory and increased blood flow as established by PET that persisted 7 months following posterior cerebral artery distribution infarction [91] .
Visuospatial attention training improved attention task performance (accuracy and reaction time) which was accompanied by alterations in activity in attention delineated pathways including increased activation in the anterior cingulate cortices and posteromedial portions of the parietal lobe with decreased demand on frontal lobe function. Functional restoration in the domains of attention, memory and executive function were associated with a redistribution of neural activities within frontal cortical networks with an overall lessening of diffuse cortical activity patterns indicative of more efficient processing [92] . Increased cognitive load may also improve motor rehabilitation. In patients with right MCA stroke anterior cingulate activity was increased in the nonparetic right hand following execution of movements requiring self-monitoring and presumably increased attentional demands relative to visually guided movements of the same motor task. Moreover, the lesioned hemisphere was more active on fMRI in stroke patients relative to healthy controls suggesting vast bihemispheric motor system reorganization following a focal lesion in the right hemisphere [93] . This displays different brain activation for self paced movements versus cued movements. The self paced movements require the medial frontal cortex (supplementary motor area), whereas the cued movements do not. In our experience when we resect the SMA, self directed movements are pretty much eliminated, but patients still have strength. However, it is not clear whether this would support increased cognitive load leading to improved motor rehabilitation.
Techniques such as fMRI and TMS can be employed to visualize cortical reorganization for cognitive processes and skilled movements induced by injury. These techniques can also optimize neurophysiological interventions enhancing activity-dependent synaptic plasticity to maximize recovery [94] . Functional MRI can delineate neural networks underlying specific cognitive and motor deficits and the unique pattern of activation specific to the individual in order to develop validated reliable optimal strategies for rehabilitation [59] . Increased activation patterns as revealed by fMRI in tests of memory and attention suggest that with varying damage (location and lesion size in various subcortical structures supporting attention and memory functions) an increased activation pattern is seen in additional neural structures as additional recruitment of neural areas occurs compensating for the damaged areas. Following rehabilitation interventions and the relearning of specific behaviors, fMRI may be utilized to identify the components of the newly functioning neural networks sustaining the behavior and distinguish between reactivation of previously damaged brain tissue and replacement of deficient tissue with intact systems [29] .
Language Rehabilitation
The neural correlates underlying rehabilitative efforts to restore cognitive function are poorly elucidated [52, 95] although similar efforts to restore other cognitive functions, such as language may be applicable to these dis-cussions. Neuroimaging techniques have made a substantial contribution to the understanding of brain language function and neural networks affected in speechlanguage disorders following ischemic stroke [96] .
Event related fMRI may use the BOLD contrast technique or perfusion-based fMRI which may be more accurate in representing functionality of brain regions at least in normal subjects performing various cognitive tasks. For example, perfusion-based fMRI is able to localize the region of neuronal activity more accurately than fMRI based on BOLD contrast techniques at least with respect in depicting activation in Broca's area during a verb generation task [97] . Notwithstanding, in two cases of Broca's aphasia, fMRI was performed prior to and following language training in patients with persistent and severe phonological anomia. Functional MRI was used to visualize brain activity patterns and cerebral reorganization coinciding with phonetic training-induced language improvement. In a patient with a small nonencompassing lesion in Broca's area, new language activation occurred in perilesional tissue after training while a patient with complete destruction of Broca's area showed activation in the right frontal region mirroring the left lesioned side [52] . In a separate study, Perani et al. [95] assessed the pattern of brain activity during letter and semantic-cued word retrieval in five aphasic stroke patients in an attempt to map brain activity underlying recovery following 6 months of language training. Similar to the study of Vitali et al. [52] the site and extent of the lesion and the amount of returned language function as assessed by task performance was associated with specific brain activation patterns. For example, good performance in word retrieval cued by letters activated Broca's area or the homologue in the right inferior frontal cortex, while deficits in semantic fluency which involve processes of semantic memory were defined by extensive patterns of cerebral activation reflecting an increased effort in retrieval, albeit unsuccessful [95] . The neural correlates of phonological cued language training were revealed with specific alterations in brain activation patterns, including perilesional reactivation and increased picture naming performance in chronic aphasics [52] . Currently the neural networks associated with improvement of cognitive function following language training in the damaged brain are not well publicized [52] . Yet recovery from aphasia involves changes in cognitive strategy and is mediated by the preserved perilesional neuronal networks and activation of homologous regions in the hemisphere contralateral to the infarct as revealed by fMRI [98] . In aphasic patients improved ability to name objects following intensive language training resulted in bilateral hemispheric recruitment of cortical activity [99] . In a heterogeneous sample of chronic aphasia patients fMRI was performed prior to and following overt naming performance language training. Language training increased brain activation in perilesional areas indicative of treatment-induced functional reintegration of damaged tissue as determined by ROI statistical analysis [100] . In aphasia, homologous areas in the right hemisphere were recruited one month post stroke followed by large left hemisphere perilesional areas 1 year post stroke [101] .
As with motor recovery in patients with lesions to primary motor areas favorable recovery predominantly activates structures in the ipsilesional hemisphere. Overactivation of diffuse right hemisphere homologues may represent a maladaptive strategy which is reversed with rTMS contralateral hemisphere suppression and reintegration of left temporal areas into the functional language network [44] . Greater intensity of aphasia therapy as measured by increased number of hours per week over a shorter period of time produces favorable results while less intense therapy (reduced hours per week but more weeks) may offer little or even no benefit [102] . Although language function is predominantly a function of the left hemisphere; left inferior frontal (Broca's area) and superior temporal cortex (Wernicke's area), language recovery necessitates the restoration of the bilateral hemisphere language complex [103, 104] .
Assessment of Successful Stroke Rehabilitation
Functional MRI technology may be used to assess neuroplastic alterations in brain function by observing increased activation of regional cerebral blood flow to areas located ipsilateral to vascular lesions. To be sure increased activation would be associated with or facilitate recovery in clinical measures of motor, cognitive or language function following rehabilitation techniques in stroke [68] . Functional MRI will play an important role not only in the initial evaluation of patients following an acute ischemic event but also in the evaluation of rehabilitation techniques on behavioral function and resultant reorganization of neural pathways and restoration of cognitive function. Functional MRI studies may be used to help evaluate current treatment and rehabilitation strategies and test their efficacy in conditions such as stroke in which prognosis made solely on clinical data is difficult [105] . Increased cerebral blood flow following cognitive rehabilitation strategies restores function to underlying neuronal circuitry. Successful stroke rehabilitation requires the employment of current complementary technologies such as fMRI and PET in conjunction with clinical assessments for a complete understanding of the pathophysiological mechanisms underlying specific cognitive deficits in the acute and chronic stages of stroke.
Conclusion
The goal of rehabilitation is to reduce the physical and cognitive impairments and disabilities of patients with stroke and other neurologic diseases. Functional MRI permits the in vivo evaluation of regional brain function employing changes in regional cerebral blood flow as a putative surrogate marker for neural utility [106] . Neuroimaging may be used in conjunction with standardized neuropsychological testing in the study of single subject neuroplasticity following brain injury, synthesizing anatomical and behavioral skill learning. Neuroimaging would add an objective component outlining intensity and topography of neural activation patterns that occur within the context of predicted behavioral changes circumventing interpretation errors following rehabilitation efforts and inter-subject comparisons [107] . It should be underscored that in order to validate functional imaging (MRI or PET) as a clinical tool for the diagnosis, prognosis and management of pathophysiological conditions such as cognitive impairment following stroke, well controlled prospective studies will need to be performed [106] . Functional imaging may be used to assess changes in activation of brain regions after specific interventions directed at memory, attention, concentration, comprehension, insight, or other components of executive/cognitive function. Functional imaging may be used as a predictor of cognitive impairment to visualize the nature of the adaptive changes in cognitive neural networks and to delineate a specific patient's response to an intensive, multidisciplinary rehabilitation program.
